Using enzymic and isotope techniques the intracellular partitioning of newly fixed carbon was studied in synchronized cells of Chlamydomonas reiahardtii. Starch and growth metabolism, i.e. the use of carbon in biosynthesis, were found to be the major sinks for photosynthetically fixed carbon in the alga. Sucrose does not accumulate in significant quantities. The amount of carbon partitioned either into starch or growth varies during the 12 hour light/12 hour dark cell cycle. Starch is accumulated at the beinning and at the end of the light period while a net breakdown is observed in the middle of the light period and in the dark. In contrast, nonsynchronized cells accumulate starch all the time in the light which suggests that carbon partitioning is controlled by the cell cycle. Labeled bicarbonate is incorporated into starch even at times when the total intracellular level of starch is decreasing. This indicates a turnover of the starch pool in the light with synthesis and degradation occurring simultaneously and at different rates.
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The partitioning of newly fixed carbon during photosynthesis is an important task of a green plant cell. It was shown in several laboratories that carbon partitioning is a highly regulated process involving transport across the chloroplast envelope (8) as well as the regulation of enzyme activities (22) . Because of its importance, the partitioning of carbon was intensively investigated particularly in leaf cells of higher plants (9) .
In most plants starch and sucrose are the main products of photosynthetic carbon fixation. The synthesis of starch appears to be controlled by ADP glucose pyrophosphorylase whose activity is regulated by the chloroplastic Pi/3-PGA2 ratio (24) . This ratio is under light/dark control, being high in the dark and low in the light. Sucrose synthesis was found to be dependent on the cytosolic levels of Pi and triose phosphates, again both being effectors of key enzymes (28, 31) . In addition to these metabolite effects the activity of certain enzymes is obviously following a diurnal rhythm. Rufty et al. (23) (10) . Chlorella also contains a plant-like ADP glucose pyrophosphorylase which is regulated by the Pi/3-PGA ratio (25) .
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In our investigations on metabolic compartmentation in Chlamydomonas (14) we also monitored the concentration of starch during growth. These studies were extended to starch metabolism and finally carbon partitioning in general. The results of these experiments are summarized in this paper.
A preliminary report has been presented elsewhere (15) .
MATERIALS AND METHODS
Cell Culture. Chlamydomonas reinhardtii, strain 11-32/b, from the Sammlung fur Algenkulturen at Gottingen (SAG), FRG, was grown axenically on a mineral medium as described before (16) . The algae were synchronized by 12 h/12 h light/ dark cycles (light fluence rate about 320 W m-2). Cell number was determined with a hemocytometer.
Starch Determination. Twenty ml (about 3 x 106 cells ml-', 15 ,ug Chl ml-') were withdrawn from the culture, spun down (1,OOOg, 2 min), and resuspended in 2 ml ice-cold distilled water. The cells were destroyed by sonication on ice (Branson Sonifier B 15, setting 5, 3 x 3 s) and 8 ml acetone were added to solubilize the pigments. Starch was spun down (12,000g, 3 min) and the green supernatant was saved for the determination of Chl. The pellet was washed twice with ice-cold water and was resuspended in 1 ml sodium acetate buffer (0.1 M, pH 4.0). The sample was incubated in a boiling water bath for 1O min (tubes were covered with marbles). After cooling, 3 U amyloglucosidase were added and the starch was hydrolyzed for 3 h at 55°C. The sample was then neutralized by addition of 20 ,l 2 N KOH. After centrifugation (20,000g, 10 min) glucose in the supernatant was measured enzymically with hexokinase and glucose 6-P dehydrogenase (3).
Measurement of Starch Accumulation Rates. The rate ofstarch accumulation or breakdown for a given time interval could be calculated from the starch content of synchronously growing cells. However, the starch content of the algae is influenced by variations of culture conditions during growth like a changing pH, a changing nutrient concentration, or a changing Chl content which in turn affects the amount of light received by the cells. In order to eliminate these effects we preferred to measure the rates directly under standardized conditions in samples taken from the culture using the following experimental procedure: Algae (20-100 ml with 20-3 g Chl ml-') were harvested (1,OOOg, 2 min) and washed once in fresh medium (with or without NO3-). After resuspension in fresh medium (with or without NO3-) at a Chl concentration of about 5 to 1O ,g/ml the cells were placed again into the growth chamber, illuminated, and bubbled with air (plus C02) like a normal culture for 1 h. The rate of starch accumulation was then calculated from the difference in starch content before and after illumination. This procedure allowed to obtain comparable data for the cell cycle although the values differ quantitatively from those obtained by the aforementioned calculation method.
Sucrose Determination. Twenty ml of algae (about 3 x 106 cells ml-', 15 Mg Chl ml-') were harvested (1,OOOg, 2 min) and resuspended in 1 ml 0.5 N HC104. After extraction on ice (15 min) the cells were spun down (8,000g, 5 min) and the supernatant was titrated to pH 6 to 8 with 10 N KOH. Precipitated KC104 was removed by centrifugation (20,000g, 10 min) and sucrose in the supernatant was determined enzymically according to Bergmeyer and Bernt (2) . It was checked that the treatment with HC104 did not decrease the yield of sucrose.
Lipid Determination. Glycerolipids were determined as glycerol after extraction and hydrolysis. Forty ml of algae (3 x 106 cells ml-', 15 ,tg Chl ml-') were harvested and taken up in 2 ml 0.41 N alcoholic KOH (7) . The cells were broken by sonication on ice (Branson Sonifier B 15, setting 5, 3 x 3 s) and the sample was incubated for 90 min at 70°C to extract and hydrolyze the glycerolipids (tubes were covered with marbles). After adjustment of the pH to S to 6 with perchloric acid (70%, v/v) 1 ml of distilled water and 2 ml chloroform were added and the sample was well mixed. To accelerate the partitioning of pigments and glycerol, the mixture was centrifuged (3,000g, 5 min) and glycerol in the upper clear layer was assayed enzymically according to (7) . CO2 Fixation. Algae were harvested (1,OOOg, 2 min) and after resuspension at a Chl concentration of about 50 ,g ml-' incubated for 10 min in growth medium at 25°C with NaH'4CO3 (5 mM, specific activity 0.2 ,uCi ttmol-') with illumination (light fluence rate about 800 W m-2). To stop, the reaction samples were taken and mixed with an equal volume of 1 N HCI. The acid-stable radioactivity was counted in a liquid scintillation counter.
For the measurement of CO2 incorporation into starch, algae were harvested, resuspended (0.1 mg Chl ml-'), and incubated as above for 15 min. The reaction was stopped with HC104 (final concentration 5%, v/v). After extraction on ice for 5 min the cells were washed once with ice-cold HC104 (5%, v/v) and with ice-cold distilled water. They were resuspended in distilled water and disrupted by sonication on ice (Branson Sonifier B 15, setting 5, 3 x 3 s). Starch was spun down by centrifugation (1 2,000g, 3 min) and was further treated as described under starch determination. The radioactivity of the final glucose-containing supernatant was counted in a liquid scintillation counter.
Electron Microscopy. Samples were fixed in culture medium with 2.5% glutaraldehyde for 3 h on ice and postfixed with 2% OSO4 for 3 h at room temperature. Dehydration was with acetone and embedment with epoxy resin ERL. Sections were poststained with uranyl acetate and lead citrate.
Chlorophyll. Pigments were extracted from the cells with 80% (v/v) acetone and Chl was determined using the method ofArnon (1).
Reagents. Enzymes and substrates were purchased from Boehringer Mannheim GmbH. All other chemicals were of reagent grade.
RESULTS
Carbon Sinks. Sucrose and starch are the primary sinks for carbon fixed by photosynthesis in leaf cells of most higher plants. In order to get an estimate of their role in C. reinhardtii the pool of these substances was measured during growth over the cell cycle (Fig. 1 ). Sucrose appears to be an insignificant metabolite in Chlamydomonas cells because its concentration remains very low, often outside the limit of detection (1 nmol ml-').
The level of starch varies considerably during the cell cycle. It is accumulated at the beginning and the end of the light period but it is degraded in the middle of the light period and in the dark (Fig. 1) . The curve is qualitatively the same if starch is plotted per cell number instead per Chl. There are, however, quantitative differences between the two plots because the Chl content increases in the light together with the cell volume while the cell number remains constant. As a consequence, in a plot of starch per cell the first peak (at 2 h) becomes much smaller than the second peak (at 12 h). We preferred to normalize the data on a Chl basis because this is equal to a normalization on a cell volume basis and hence produces curves describing the concentration of cell components during growth and not just their amount per cell.
The pattern of starch accumulation in the light is so distinct that it can be followed by electron microscopy (Fig. 2) . Starch gratules in between the thylakoids and around the pyrenoid can be seen clearly at 2 and 12 h in the light while at 0 and 5 h thylakoidal granules have disappeared.
Since lipids may also function as carbon sink in green cells the concentration of glycerolipids was also determined during the cell cycle (Fig. 1) . Except for a peak at the second hour, the glycerolipid/Chl ratio remains rather constant which indicates that under our growth conditions glycerolipids are synthesized in the course of growth rather than as a separate storage pool for carbon.
From the results presented above it is concluded that C. reinhardtii partitions newly fixed carbon into starch and/or growth metabolism. CO2 Fixation. Since the pool of starch is going down in the middle of the light it had to be checked whether a change in the rate of CO2 fixation is responsible for this observation. Such a variation in photosynthetic capacity was found, for instance, in synchronously growing cells of Scenedesmus (26) . Chlamydomonas, too, did not fix CO2 at a constant rate during the cell cycle (Fig. 3) . However, for the time period of interest (i.e. in the light) the rate of CO2 fixation per mg Chl was rather constant. This shows that the level of starch is controlled by other factors than CO2 fixation.
Rate of Starch Synthesis. As already mentioned (see "Materials and Methods"), the rates of starch accumulation could be calculated from Figure 1 . Quantitatively different results were obtained when rates were measured separately under standardized conditions in samples taken from the culture. Again, the values were related to Chl to avoid the influence of different cell size.
To support the conclusion that starch and growth are the major sinks for carbon in C. reinhardtii, the growth of the cells was inhibited by transfer into a nitrogen-free medium and the rates of starch accumulation were monitored (Fig. 4) . Since nitrogen-free cultures do not grow at all, the described method of sampling and separate incubation appeared to be the only one (Fig. 3) . Obviously, fixed carbon is directed mainly into starch if growth is not possible.
Within these experiments the light-dependent rates of starch accumulation were also determined in samples taken from the dark period although, of course, the synchronized algae do not accumulate but degrade starch in the dark (Fig. 1) . Therefore the data from the dark period (Fig. 4) (Fig. 1) may be due to a decrease in starch synthesis or due to an increase in starch breakdown, or both. To decide between these possibilities the incorporation of labeled CO2 into starch was followed in cells which accumulate starch (10 L) and in cells which do not accumulate starch (4 L). Table I shows that labeling of starch is the same under both conditions. About 30% of the fixed carbon is partitioned into starch. Our conclusion is that during the period of starch decrease in the light starch synthesis is not impaired but starch degradation is enhanced.
Role of the Cell Cycle. Carbon partitioning in leaves of higher plants has been shown to be correlated to an endogenous diurnal rhythm (23) . Since the pattern of starch accumulation in synchronously growing cells of Chlamydomonas is highly reproducible it may also be controlled by such a rhythm. On the other hand, a control may also be exerted by the cell cycle. In contrast to an endogenous rhythm a cell cycle-dependent control can only be measured in synchronized cultures. In Figure 4 , rates of starch synthesis in synchronized cells were compared with rates of desynchronized but growing cells. The latter cells were grown in the same light dark regime but at a higher cell density (about 1 x I07 cells ml-') so that desynchronization occurred. In desynchronized cells the rate of starch accumulation was constant no matter at what time during the light-dark cycle the samples were taken (Fig. 4) . This indicates that carbon partitioning in Chlamydomonas is under control of the cell cycle and not of an endogenous rhythm.
DISCUSSION
Sinks for Photosynthetically Fixed Carbon. Carbon partitioning in C. reinhardtii differs from partitioning in most higher plants in that sucrose is not a significant sink for carbon, at least under our experimental conditions. There are some hints which support this notion. For instance, the intracellular concentration of sucrose never reaches a level comparable to that in higher plant protoplasts (31) or even a level which can be measured well by enzymic analysis (Fig. 1) . Nongrowing cells direct more than 50% of the fixed carbon into starch (Fig. 4) . while sucrose does not increase, and finally, applying the method of Rufty et al. (23) (10) . This shows that sucrose metabolism is not restricted to multicellular plants although its function in unicellular organisms is not known.
As glycerolipids, too, do not seem to constitute a storage pool for carbon in C. reinhardtii (Fig. 1) (Fig. 1) . Our results indicate that this decrease is neither due to a decrease in CO2 fixation (Fig. 3) nor to a decrease in starch synthesis (Table I) . Instead, from the labeling of starch with '4C it is concluded that starch synthesis proceeds at a rather constant rate in the light but starch breakdown is regulated. As a consequence, the carbon stored in the starch pool is turned over at a high rate by simultaneous synthesis and breakdown. (18) , only a few detailed studies of intracellular starch content were reported. In synchronized Chlamydomonas Cohen and Parnas (5) and later Yanyushin (32) monitored a low stationary level of starch per cell during the first eight hours in the light followed by starch accumulation at the end of the light period. In contrast to our results, both papers do not describe a peak at the beginning of the light period. Unlike Chiamydomonas, synchronized cells of Chlorella pyrenoidosa do not even show a lag time but accumulate starch at a rather constant rate from the beginning of the light period (6) . We can only speculate about the reasons for these differences but apparently the results depend strongly on the algal species or strain and on the methodology of culturing and starch determination. Nevertheless, under our conditions the results are absolutely reproducible.
The Influence of Nitrogen. If growing cells of Chlamydomonas are transferred to a nitrogen-free medium, an immediate switching in carbon partitioning towards starch synthesis is observed (Fig. 4) . This change is independent of the time at which the algae are taken from the synchronized culture. The response points to a role of nitrogen in carbon partitioning in Chlamydomonas. A similar interrelationship between carbon and nitrogen metabolism with its effect on carbon partitioning was also observed in higher plants (20, 27) . It is conceivable that the intracellular availability of nitrogen may regulate to some extent the partitioning of carbon because in growing cells nitrogen metabolism represents a significant sink for carbon. However, a general regulatory picture remains to be worked out.
The Influence of the Cell Cycle. In higher plants diurnal changes in carbon partitioning were observed (4). These diurnal changes were shown to be correlated to changes in SPS activity (11, 12) and fructose 2,6-bisP concentration (30) . Since the rhythm in SPS activity persisted under constant conditions, an endogenous rhythm was proposed to be involved in sucrose synthesis in these plants (13) . Our results suggest that carbon partitioning in Chlamydomonas is not dependent on an endogenous rhythm. It seems to be controlled by the cell cycle, for the typical pattern of starch accumulation could only be measured in synchronized cultures (Fig. 4) . The coupling of carbon partitioning to the cell cycle may ensure a more economic use of fixed carbon under changing environmental conditions. A disturbance of the cell cycle, like it is induced by withdrawal of the nitrogen source (Fig. 4) , has an immediate effect on carbon partitioning. Further investigations are required to understand on a biochemical level the link between the cell cycle and carbon partitioning.
